Highbush blueberry (Vaccinium corymbosum) fruits contain substantial quantities of flavonoids, which are implicated in a wide range of health benefits. Although the flavonoid constituents of ripe blueberries are known, the molecular genetics underlying their biosynthesis, localization, and changes that occur during development have not been investigated. Two expressed sequence tag libraries from ripening blueberry fruit were constructed as a resource for gene identification and quantitative realtime reverse transcription-polymerase chain reaction primer design. Gene expression profiling by quantitative real-time reverse transcription-polymerase chain reaction showed that flavonoid biosynthetic transcript abundance followed a tightly regulated biphasic pattern, and transcript profiles were consistent with the abundance of the three major classes of flavonoids. Proanthocyanidins (PAs) and corresponding biosynthetic transcripts encoding anthocyanidin reductase and leucoanthocyanidin reductase were most concentrated in young fruit and localized predominantly to the inner fruit tissue containing the seeds and placentae. Mean PA polymer length was seven to 8.5 subunits, linked predominantly via B-type linkages, and was relatively constant throughout development. Flavonol accumulation and localization patterns were similar to those of the PAs, and the B-ring hydroxylation pattern of both was correlated with flavonoid-3#-hydroxylase transcript abundance. By contrast, anthocyanins accumulated late in maturation, which coincided with a peak in flavonoid-3-O-glycosyltransferase and flavonoid-3#5#-hydroxylase transcripts. Transcripts of VcMYBPA1, which likely encodes an R2R3-MYB transcriptional regulator of PA synthesis, were prominent in both phases of development. Furthermore, the initiation of ripening was accompanied by a substantial rise in abscisic acid, a growth regulator that may be an important component of the ripening process and contribute to the regulation of blueberry flavonoid biosynthesis.
Highbush blueberry (Vaccinium corymbosum; Ericaceae) is one of the most economically important fruit crops in North America. Blueberry fruit have been the focus of much recent attention due to numerous reports of their positive effects on human health. These benefits are generally attributed to high levels of polyphenolics, in particular the flavonoids (Rasmussen et al., 2005) . Highbush blueberries have one of the highest in vitro antioxidant capacities of any fruit or vegetable (Prior and Gu, 2005; Wu et al., 2006) . The major health benefits linked to the consumption of blueberries include a reduced risk for cardiovascular (Basu et al., 2010) and neurodegenerative (Neto, 2007) diseases. Furthermore, experiments on rodents suggest that blueberry extracts may also prevent cancer, slow tumor growth, and reverse cognitive and behavioral deficits related to stroke and aging (Lau et al., 2005; Gordillo et al., 2009) .
The three common types of flavonoids that accumulate in blueberry fruit are the flavonols, anthocya-nins, and proanthocyanidins (PAs; Prior et al., 2001) . Flavonols are thought to function as protective chemicals against UV-B light in fruit skin (Solovchenko and Schmitz-Eiberger, 2003) , but they can also be found in the seed coat . Anthocyanins are visible flavonoid pigments that give rise to the red and blue colors of many ripe fruit, which attract frugivores that help disperse seeds (Wilson and Whelan, 1990 ). The PAs (also known as condensed tannins) are oligomers and polymers of flavan-3-ols. They are most common in woody plants but can also be found in herbaceous species, and they are thought to contribute to defense and stress resistance. In seeds, PAs are often present in the seed coat (Debeaujon et al., 2000) . They are also found in immature fruits, where their astringency and bitterness help deter frugivores from consuming fruit before they are ripe (Sanoner et al., 1999) . It is intriguing that while the anthocyanins and PAs share a common biosynthetic pathway, their biological functions are typically opposite, that is, attracting versus repelling herbivores. Flavonoids have been previously analyzed in the ripe fruit of several blueberry cultivars, but their developmental profiles as well as tissue-specific localization patterns have not been investigated. Furthermore, little is known at the molecular level of blueberry flavonoid metabolism and its regulation.
Most of the genes and enzymes involved in flavonoid biosynthesis were originally discovered and characterized in model plants such as Arabidopsis (Arabidopsis thaliana), maize (Zea mays), and petunia (Petunia hybrida; Lepiniec et al., 2006 ), but they have not yet been investigated in blueberry. Entry into the flavonoid pathway from general phenylpropanoid metabolism is controlled by chalcone synthase (CHS), which condenses p-coumaroyl-CoA and three malonyl-CoAs into a chalcone, followed by isomerization by chalcone isomerase to form a flavanone (Fig. 1 ). This intermediate is subsequently hydroxylated by flavanone-3b-hydroxylase (FHT) to dihydroflavonol. It is further converted to a flavonol via flavonol synthase or reduced by dihydroflavonol reductase (DFR) to leucoanthocyanidin a key intermediate for PAs and anthocyanins. Hydroxylation at the 3# and 5# positions of the B-ring occurs in some species via the activity of cytochrome P450-dependent flavonoid hydroxylases (Fig. 1; F3#H and F3#5#H) . The anthocyanidin flavynium ion is produced by anthocyanidin synthase (ANS) and then glycosylated by UDP-Glc:flavonoid-3-O-glycosyltransferases (UFGT). Methylation of the 3# and 5# hydroxyl groups of anthocyanins gives rise to peonidin, malvidin, and petunidin (Fig. 1) . Anthocyanidins can be diverted into PA synthesis via anthocyanidin reductase (ANR), which produces epicatechin-type flavan-3-ols ( Fig. 1) . By contrast, it is thought that catechin-type flavan-3-ols are produced from leucocyanidins by leucoanthocyanidin reductase (LAR; Tanner et al., 2003) . It was recently demonstrated that PA precursors are actively moved into the vacuole by multidrug and toxin extrusion transport proteins, where they are polymerized via an as yet unknown mechanism (Zhao et al., 2010) . PAs can range in length from two to over 30 units, which are most commonly joined in a B-type orientation (Fig. 1) .
Flavonoid synthesis in plants is typically controlled by the tissue-specific expression of transcription factors belonging to the R2R3 MYB, basic helix-loop-helix (bHLH), and WD-repeat protein families . These physically interact as a complex, and such MBW complexes have been shown to be responsible for the regulation of anthocyanin, PA, and flavonol biosynthesis in a variety of species and tissues, including flowers and fruits (Allan et al., 2008; Dubos et al., 2010 ). There appears to be considerable redundancy for the bHLH cofactors in particular, while the MYB protein usually provides specificity (Broun, 2005; Feller et al., 2011) . Plant R2R3 MYB gene families are large, with over 126 and 108 genes in Arabidopsis and grape (Vitis vinifera), respectively (Dubos et al., 2010) . How various MYB factors, in combination with their bHLH and WD-40 partners, can provide specificity to flavonoid gene regulations has been largely elucidated using Arabidopsis (Broun, 2005; Lepiniec et al., 2006) . However, for studies on the role of MYB genes in fruit flavonoid synthesis, grapevine has been used most extensively. In grape fruit development, VvMYBA1 was shown to control anthocyanin accumulation (Kobayashi et al., 2002) , while two other MYBs (VvMYBPA1 and VvMYBPA2) specifically regulate grape PA synthesis (Bogs et al., 2007; Terrier et al., 2009 ). PA-specific MYB regulators have also been recently described from persimmon (Diospyros kaki; Akagi et al., 2009b Akagi et al., , 2010 , fruit with unusually high PA levels. Therefore, there is a need to extend studies of flavonoid gene regulation to other species of fruit.
The coordinated biosynthesis of anthocyanins and/ or other pigments is the most visible aspect of a complex program of fruit maturation and ripening that includes major metabolic and structural changes such as sugar accumulation and softening. The developmental and hormonal signals that stimulate ripening are of great practical interest, but in blueberry, these signals are poorly understood. In climacteric types of fruit, such as tomato (Solanum lycopersicum) and apple (Malus domestica), the onset of ripening is marked by an obvious respiratory burst linked to ethylene production. By contrast, nonclimacteric fruit, such as grape and strawberry (Fragaria spp.), do not exhibit a sharp peak in respiration, although a rise in ethylene is sometimes observed (Chervin et al., 2004) . In these fruit, abscisic acid (ABA) is now considered a central regulator of ripening. ABA accumulates at ripening initiation in cherry (Prunus avium) and grape (Kondo and Inoue, 1997; Owen et al., 2009) , coordinate with ABA biosynthetic gene expression (Wheeler et al., 2009 ). Indole-3-acetic acid (IAA) appears to retard the ripening process in grape (Davies et al., 1997; Kondo and Inoue, 1997) . By contrast, the application of ABA to grape can hasten ripening and increase anthocyanin and sugar contents (Peppi et al., 2008) . In strawberry, the central role of ABA was recently demonstrated directly, since the RNA interference (RNAi)-mediated silencing of an ABA biosynthetic and putative ABA receptor gene led to the inhibition of anthocyanin production (Jia et al., 2011) .
The signals that trigger ripening in highbush blueberry are poorly understood, and in fact, there is some controversy as to whether they should be classified as climacteric or nonclimacteric fruits (Windus et al., 1976; Shimura et al., 1986) . A rise in respiration and ethylene has been observed during the ripening process (Windus et al., 1976; El-Agamy et al., 1982; Suzuki et al., 1997a) , but it is modest and variable compared with climacteric fruit. This has led some authors to suggest that highbush blueberry fruit is nonclimacteric (Frenkel, 1972) . Like grape, blueberry fruit will also not significantly respond to exogenous ethylene before ripening has already begun (Janes et al., 1978; Suzuki et al., 1997b) . To date, there are no reports on profiling ABA and its metabolites in blueberry fruit. Therefore, profiling of plant growth regulators, in particular ABA, could help identify the relevant hormonal signals in blueberry.
The lack of molecular information on key changes occurring in blueberry fruit ripening prompted us to undertake a molecular, biochemical, and histological characterization of flavonoid biosynthesis over berry development. To get an integrated view of ripening, we developed a blueberry EST database, profiled the expression of flavonoid and regulatory genes, and combined this with detailed chemical and histological analyses of the major flavonoid classes over fruit development. We also profiled the expression of a key ABA biosynthesis gene and correlated its transcript abundance with ABA and its metabolites. In addition, we monitored auxins and cytokinins to help identify the relevant hormonal signals involved in blueberry fruit maturation and ripening. Our results highlight the strict biphasic pattern of flavonoid gene expression corresponding to PA and anthocyanin synthesis and the developmentally regulated tissue-specific localization of these flavonoid products. Furthermore, the dramatic increase in free ABA just before ripening indicates that this hormone may be involved in maturation and provides evidence that blueberry has the features of a nonclimacteric fruit.
RESULTS

Phenology of Blueberry Fruit Development
Fruits from cv 'Rubel' were chosen for our study because this cultivar is known to have superior antioxidant capacity and flavonoid content (Prior et al., 1998) . Fruit set and ripening initiation in 'Rubel' is temperature dependent and asynchronous; therefore, fruits were harvested in batches during the two main phases of the growing season and sorted into maturation classes by size and fruit color ( Fig. 2A) . During the initial "expansion" phase, young fruit were hard and dark green and differed primarily by size. In the "maturation" phase, enlarged light green fruit began to soften and accumulate red and then blue pigments ( Fig. 2A) . Stages 1 to 5 were sorted by increasing size (stage 1, 2-3.5 mm in diameter; stage 2, 3-4 mm; stage 3, 4-7 mm; stage 4, 7-9 mm; stage 5, 9-13 mm; Fig. 2B ). Stages 6 to 8 were sorted by fruit color (stage 6, 25%-50% red skin; stage 7, predominantly purple skin with some red or blue; stage 8, entirely dark blue and soft texture), as validated previously for other small fruits (Ozga et al., 2006) . The initiation of seed coat browning (stage 5) slightly preceded the beginning of skin pigmentation (stage 6). Floral buds were collected approximately 1 to 2 weeks before full bloom (anthesis; Fig. 2C ).
Construction, Annotation, and Analysis of Blueberry ESTs
Prior to this project, only a limited number of blueberry EST sequences were available in public databases, primarily from floral buds. In order to obtain additional gene sequences, we constructed and sequenced two cDNA libraries, one each from S5/6 and S7/8 pooled fruit mRNA. Following the removal of low-quality, vector, and short sequences, a total of 17,134 highquality ESTs were generated. After clustering, this yielded a total of 8,500 unique gene sequences (unigenes) with an average length of 610 bp (Table I) . Of these, 2,570 ESTs could be compiled into contiguous assemblies (contigs) of two or more ESTs, and 5,930 remained as singletons. Annotation for 89% of the unigenes based on similarity to sequences in the GenBank database was performed using the BLASTX algorithm. Using custom PERL scripts, assignment to three major Gene Ontology (GO) categories (biological process, cellular component, and molecular function) was possible for 4,769 (56%) of the sequences, based on hits to proteins in The Arabidopsis Information Resource (TAIR) protein database (Supplemental Fig. S1 ).
To gain insight into which genes were most highly expressed in developing blueberry fruit, the genes were first ranked by the number of ESTs in each unigene (Supplemental Table S1 ). Eleven of the 40 most highly represented unigenes corresponded to genes that encode cruciferin-type seed nutrient storage proteins. Since most of the ESTs contributing to these cruciferin unigenes (over 870 total ESTs) came from the S5/6 library, it is likely that there was a significant contribution of seed cDNA to this EST library. Unigenes with matches predicted to encode metallothionein, polygalacturonase, NADP-malic enzyme, and catalase were represented by 20 or more S5/6 ESTs.
Although the S7/8 library contained approximately 2,500 fewer ESTs than the S5/6 library, there were a number of unigenes in this library supported by at least 20 ESTs (Supplemental Table S1 ). Several of these were predicted to encode proteins without well-defined physiological functions, such as a protease inhibitor/ seed storage/lipid transfer protein and a senescenceassociated protein (SAG29). Other highly represented genes in the S7/8 cDNA library include a pathogenesis-related basic chitinase, succinate dehydrogenase, Fru-bisP aldolase, and calcium-binding EF hand family protein. The libraries also contained numerous ESTs that were predicted to encode other proteins involved in important ripening-related processes, such as carbohydrate and sugar metabolism, tissue softening, cell wall metabolism, aroma synthesis, and pathogen defense (data not shown). The presence of many ripening-related ESTs confirmed the utility of the libraries for studying blueberry fruit development and ripening.
Identification of Genes for Blueberry Flavonoid Biosynthesis
The major aim in producing the blueberry EST libraries was to identify genes involved in flavonoid biosynthesis. Annotations of partial and full-length blueberry genes predicted to encode most of the enzymes of the flavonoid pathway, as well as one flavonoid R2R3-MYB transcription factor, were substantiated by performing TBLASTX searches of the National Center for Biotechnology Information (NCBI) reference sequence protein database. In all cases, the top hit was an ortholog from Arabidopsis, grapevine, or petunia whose function had previously been experimentally verified (Table II) . In the S7/8 (mature fruit) EST library, many of the ESTs encoding enzymes for anthocyanin biosynthesis (CHS, FHT, F3#5#H, cytochrome b 5 , ANS, and UFGT) were enriched relative to the S5/6 library (Table II) . Surprisingly, genes encoding the PA-specific enzymes ANR and LAR were absent from both EST libraries. However, these genes were present in a highbush blueberry floral bud EST set in GenBank (Table II) . To confirm the annotations of the new flavonoid-related blueberry genes, phylogenetic trees were constructed with the translated blueberry sequences and functionally characterized proteins involved in important biosynthetic steps. The putative blueberry F3#H and F3#5#H genes, both part of the P450 gene family, were each embedded within their respective subclades (Fig. 3) . Similarly, ANR and DFR, which both belong to a large superfamily of enzymes (NADPHdependent reductases/epimerases/dehydrogenases), clustered within the predicted subclade (Fig. 4) . The predicted blueberry UFGT sequence was embedded in a subclade of flavonoid-3-O-glycosyltransferases with demonstrated activity toward anthocyanidins (Supplemental Fig. S2 ). Therefore, we are confident in our annotations and suggest that it is highly likely that the blueberry genes encode functional enzymes. We also note that the blueberry VcDFR, VcANR, and VcUFGT sequences grouped most closely with sequences from species within the same order (Ericales), such as persimmon, tea (Camellia sinensis), and cranberry (Vaccinium macrocarpon). To our knowledge, no hydroxylases from plants in the Ericales have been functionally investigated.
In a phylogenetic analysis of R2R3-MYB proteins, the blueberry VcMYBPA1 sequence grouped most closely with the PA1-type regulators from grapevine (VvMYBPA1) and persimmon (DkMYB4) fruit, rather than flavonol, anthocyanin, and general flavonoid MYB regulators (Supplemental Fig. S3 , Bogs et al., 2007; Akagi et al., 2009b) . This suggests a function for VcMYBPA1 in blueberry PA synthesis. These MYBs are all within a subclade that is phylogenetically distinct from a second type of MYB PA regulator, which contains the Arabidopsis TRANSPARENT TESTA2 (TT2), grapevine VvMYBPA2, and aspen (Populus tremuloides) PtMYB134 sequences (Mellway et al., 2009 ). However, we found no other MYBs belonging to any flavonoid regulatory group in our EST collection.
PA Biosynthetic Genes Are Expressed Very Early in Blueberry Fruit Development
To study the transcriptional regulation of PA and flavonoid biosynthesis in highbush blueberry, the expression of flavonoid pathway genes was profiled over the eight stages of development using quantitative real-time reverse transcription (qRT)-PCR. To ensure the reliability of expression results, qRT-PCR was performed for all genes on three separate 2008 cDNA preparations for each developmental stage. For additional replication, the analysis was repeated for most genes on two cDNA preparations from the 2009 season. All gene expression values were efficiency corrected.
Reference gene selection was a critical factor in our qRT-PCR analysis, in particular because of the broad physiological and cellular changes that occur during fruit development. This made the evaluation of several reference genes for qRT-PCR imperative (Gutierrez et al., 2008) . After evaluating five possible genes as suggested by Reid et al. (2006; Supplemental Table S2 ), we determined that the average relative transcriptional abundance of genes encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and SAND family protein (SAND) was the most constant and did not differ statistically across the berry developmental stages (Supplemental Fig. S4 ; Supplemental Table S3 ). The reference gene selection process and statistical methods used to evaluate the genes are described in detail in "Materials and Methods." All expression data were calculated as an expression ratio relative to the geometric mean of the two most stable reference genes.
We first analyzed the gene expression profiles for VcDFR and VcANS genes, which encode enzymes Figure 3 . Phylogeny of F3#H and F3#5#H, the cytochrome P450 flavonoid hydroxylases. Protein sequences for functionally characterized flavonoid hydroxylases were obtained from GenBank and aligned with partial coding sequences for putative blueberry VcF3#H and VcF3#5#H (indicated with stars) using ClustalW. The linearized neighbor-joining tree was produced with MEGA software version 4.0 (Tamura et al., 2007) . Nodes were evaluated with 1,000 bootstrap replicates. Bootstrap values for nodes are shown as numbers on branches (only those greater than 50% are shown). Evolutionary distances (Poisson-correction method) are shown as number of substitutions per amino acid site. GenBank accession numbers are as follows: SlF3#5#H (Solanum lycopersicum; GQ904194), PhF3#5#H-Hf1 (Petunia hybrida; Z22544), VmF3#5#H (Vinca major; AB078781), CrF3#5#H (Catharanthus roseus; AJ011862), CpF3#5#H (Cyclamen persicum; GQ891056), VvF3#5#H (Vitis vinifera; DQ786631), GmF3#5#H (Glycine max; AB540111), GsF3#5#H (Glycine soja; AB540112), ErF3#5#H (Eustoma russellianum; BAA03439), AtF3#H-TT7 (Arabidopsis thaliana; NM_120881), BnF3#H (Brassica napus; DQ324378), GmF3#H (G. max; AB061212), VvF3#H (V. vinifera; XM_002284129), PhF3#H-Ht1 (P. hybrida; AF155332), ItF3#H (Ipomoea tricolor; BAD00189), IpF3#H (Ipomoea purpurea; AB113265). Accession numbers for ESTs used to build Vaccinium corymbosum contigs are listed in Supplemental Table S6 . required for both PA and anthocyanin synthesis. Transcript abundance of the genes followed a biphasic pattern in both the 2008 and 2009 growing seasons (Fig. 5, A and B) . Expression was high early in development (S1 and S2), decreased to a minimum by mid fruit development (S5), and then increased again as the fruit matured (S6-S8). By contrast, the PA-specific VcANR and VcLAR genes showed a different profile, as their transcripts were detected only early in fruit development in stages S1 to S4 (Fig. 5, C and D) . These transcriptional profiles imply that PA synthesis is most active in young fruit. VcMYBPA1 transcripts were also highly abundant in very young stages, together with VcANR and VcLAR (Fig. 5E ), supporting the idea that it functions in PA synthesis. However, after decreasing to minimal levels at stage 5, VcMYBPA1 transcripts were again found at higher levels in ripening fruit (S6-S8), the period when anthocyanins are synthesized ( Fig. 2A) .
Since transcripts of the PA-specific genes VcANR and VcLAR were already present at high levels in S1 fruit, we assessed PA gene expression in the fruitforming tissues (ovary and calyx) of floral buds and flowers. In floral buds, bud ovaries, and S1 fruits, the transcript abundance of VcANS and VcANR was relatively high, suggesting a capacity to produce epicatechin-type flavan-3-ols for PA synthesis early in fruit development (Fig. 5F ). Based on these results, it appeared that PA biosynthetic gene expression had already commenced in the ovaries by the time floral buds had formed. VcLAR transcript abundance was much greater in whole floral buds and flowers than fruit-forming ovaries, suggesting that VcLAR was more abundant in floral tissues other than the ovary and attached calyx (i.e. petals, stamens, stigma, style).
VcMYBPA1 Can Activate the Promoter of a PA Biosynthetic Gene
We hypothesized that VcMYBPA1 is a regulator of PA synthesis in blueberry based on its phylogenetic relationship with grape MYBPA1 and persimmon MYB4 (Supplemental Fig. S3 ), and its early coexpression with VcANR and VcLAR (Fig. 5) . To test if the VcMYBPA1 gene product is a direct regulator of genes required for PA synthesis, we performed in vivo transcriptional activation assays using transient expression in Arabidopsis leaves coupled with the dual-luciferase promoter activation assay (Hellens et al., 2005) . We first tested if VcMYBPA1 can activate the Populus tremuloides PtANR1 gene promoter, since it is known that PA-regulating MYBs can strongly activate appropriate promoters from heterologous systems (Bogs et al., 2007) . We cotransformed the cells with a plasmid encoding a bHLH protein belonging to the TT8 group, which has been shown previously to be required for full activation by PA and flavonoid MYB transcription factors in Arabidopsis A. Gesell and C.P. Constabel, unpublished data) . In this heterologous system, VcMYBPA1 was able to Figure 4 . Phylogeny of the DFR and ANR protein family. Sequences for full-length functionally characterized DFR and ANR enzymes were obtained from GenBank and aligned with putative VcDFR and VcANR sequences (stars) with ClustalW. A linearized neighbor-joining tree was produced with MEGA software version 4.0 (Tamura et al., 2007) as described in Figure 3 . Bootstrap values for nodes are shown as numbers on branches (only those greater than 50% are shown). Evolutionary distances (Poisson-correction method) are shown as number of substitutions per amino acid site. GenBank accession numbers are as follows: SlDFR (Solanum lycopersicum; Z18277), PhDFR (Petunia hybrida; AF233639), AmDFR (Antirrhinum majus; X15536), GhDFR (Gerbera hybrida; Z17221), CcDFR (Callistephus chinensis; Z67981), VmDFR (Vaccinium macrocarpon; AF483835), CsDFR (Camellia sinensis; AB018685), AtDFR-TT3 (Arabidopsis thaliana; NM_123645), DcDFR (Dianthus caryophyllus; Z67983), PtDFR (Populus tremuloides; AY147903), VvDFR (Vitis vinifera; XM_002281822), RhDFR (Rosa hybrida; D85102), FaDFR (Fragaria 3 ananassa; AF029685), MdDFR (Malus domestica; AF117268), PcDFR (Pyrus communis; AY227730), MtDFR1 (Medicago truncatula; AY389346), MtDFR2 (M. truncatula; AY389347), ZmDFR-A1 (Zea mays; NM_001158995), AtANR-BAN (Arabidopsis; NM_104854), FaANR (F. ananassa; DQ664192), MdANR (M. domestica; DQ139835), MtANR (M. truncatula; AY184243), LcANR (Lotus corniculatus; DQ349113), VvANR (V. vinifera; BN000166), DkANR (Diospyros kaki; AB195284). Accession numbers for ESTs used to build Vaccinium corymbosum contigs are listed in Supplemental Table S6 .
activate the PtANR promoter approximately 45-fold, even more strongly than PtMYB134 (Fig. 6 ). By contrast, VcMYBPA1 did not activate an anthocyanin pathway-specific promoter, a previously characterized anthocyanidin-3-O-glycosyltransferase MdF3GT promoter (Takos et al., 2006) , which we had further validated by activation with the apple anthocyanin regulator MdMYB1 (A. Gesell and C.P. Constabel, unpublished data). Although these data will have to be confirmed with the appropriate blueberry promoter sequences, our data show that VcMYBPA1 is able to activate the promoter of a key PA biosynthesis gene.
Quantification and Chemical Characterization of PAs
To correlate PA gene expression profiles with end product accumulation, total soluble PA concentration was assayed at each developmental stage (Porter et al., 1986) . On a fresh weight basis, the PA concentration as measured using the butanol-HCl method declined from a maximum in ovaries at flowering (30 mg g 21 fresh weight) to substantially lower levels in large green S5 fruit (Fig. 7A ). PA concentrations continued to decline gradually from S5 to a minimum at S8 (2.5 mg g 21 fresh weight). However, since the berries were also rapidly expanding until S5, the total calculated amount of soluble PA per fruit still increased over this time period (Fig. 7A ). PA concentration was further analyzed by reverse-phase HPLC after acid catalysis in the presence of phloroglucinol (phloroglucinolysis; ). This method allows the determination of PA subunit composition and concentration by comparison of product retention properties with known products (Supplemental Table S4 ). Flavan-3-ols in the extension units form phloroglucinol adducts at their C-4 position, while terminal flavan-3-ol units are released as flavan-3-ol monomers. After HPLC analysis and liquid chromatography-mass spectrometry (LC-MS) confirmation of the PA phloroglucinolysis reaction products, the mean degree of polymerization (mDP) of PAs was also calculated. In blueberry PAs, the extension units were almost exclusively epicatechin in fruit at all stages (Table III) , and the majority of these subunits were linked in a B-type configuration (C 4 /C 8 or C 4 /C 6 ). The epicatechin-phloroglucinol adduct molecular mass [M-H] as assessed by LC-MS was 413, which is consistent with this adduct (Supplemental Table S4 ).
Linkages of the terminal unit to the first extension units were also primarily B type, as flavan-3-ols with the molecular mass of 289 were the main nonderivatized compounds detected after phloroglucinolysis. Terminal units were slightly enriched in catechin compared with epicatechin, with the relative amount of epicatechin decreasing over development (37.4 mol % in S3 to 25.6 mol % in S8; Table III) . A minor proportion of the fruit PAs had A-type interflavan linkages (Koerner et al., 2009) Table  S4 ). The calculated mDP of the blueberry fruit PAs was relatively stable between S3 and S6 (7-7.5) and then increased to a maximum of 8.5 in S8 fruit (Fig. 7B ). Using the phloroglucinolysis data to calculate total PA concentrations, we again observed a sharp decline as the fruits matured, consistent with the PA profile over fruit development determined with the butanol-HCl method (Fig. 7A) . Overall, the pattern of PA accumulation was consistent with the profiles of PA-specific transcript accumulation early in berry development.
General Flavonoid-and Anthocyanin-Specific Transcript Profiles and End Product Accumulation Are Distinct from Those for PA Synthesis
The VcCHS and VcFHT genes encode enzymes at the entry point of the flavonoid pathway and are necessary for the biosynthesis of all flavonoids, including PAs, anthocyanins, and flavonols. VcCHS gene transcripts exhibited a biphasic abundance profile (Fig.  8A) , with early and late peak profiles similar to VcDFR and VcANS. By contrast, VcFHT transcript abundance was lower during early fruit development and then increased substantially as the fruit matured (Fig. 8A ). VcF3#H gene transcripts, which encode the flavonoid 3# B-ring hydroxylase, also exhibited a biphasic expression pattern during fruit development, consistent with a function in both anthocyanin and PA accumulation ( Fig. 8B ). Cytochrome b 5 (VcCytob 5 ) transcripts Figure 6 . Activation of PtANR promoter by VcMYBPA1 and PtMYB134 as measured by dual luciferase assay. Plasmids were introduced into Arabidopsis leaves using particle bombardment and assayed after 48 h, as described in "Materials and Methods." Reporter gene activity (luciferase) was normalized against Renilla activity. Leaves were cotransformed with PtbHLH. The negative control contained no MYB but included the equivalent amount of the empty vector (pMDC32). LUC/REN indicates the amount of firefly (Photinus pyralis) luciferase luminescence for each effector-reporter pair relative to Renilla fluorescence to correct for transformation efficiency. Values are means 6 SE from three bombarded leaves. The entire experiment was repeated twice with identical results. Figure 7 . PA accumulation during blueberry fruit development. A, Total soluble PA content as determined with the butanol-HCl method (assayed using aspen tannin as standard) and PA content per fruit (data are means 6 SE; n = 3). B, PA concentration and mDP for blueberry PAs as determined by phloroglucinolysis (data are means 6 SE; n = 2). fwt, Fresh weight.
were also detected in a biphasic pattern similar to VcF3#H (Fig. 8D) . By contrast, transcripts of the VcF3#5#H gene (responsible for the third hydroxylation of the B ring) were abundant only during the ripening fruit stages S5 to S8 (Fig. 8C) , closely paralleling the appearance of anthocyanins ( Fig. 2A) . This pattern was similar to the VcUFGT gene (Fig. 8E ). All of the general flavonoid genes, including VcF3#5#H and VcCytob 5 , were most highly expressed during ripening (S5-S8). Overall, the gene expression profiles determined by qRT-PCR confirm a clear separation of PA and anthocyanin synthesis in developing blueberry fruit.
Next, we tested if anthocyanins accumulate in accordance with the pattern of gene expression observed above. Anthocyanin and flavonol aglycones were identified and quantified at several developmental stages. Even in the green berry stages (S1-S5), cyanidintype anthocyanins were detected at low levels, likely accounting for the red blush to some parts of the green fruit (Figs. 2A and 9A; Supplemental Fig. S5 ). As the fruit ripened and the exocarp color changed from mostly green to partially pink, blue-purple delphinidintype anthocyanins began to accumulate ( Fig. 9A ; Supplemental Fig. S5 ). In accordance with their deep coloration, in mature S8 fruit the anthocyanidin levels peaked dramatically. Delphinidin was the most abundant, followed by cyanidin, malvidin, petunidin, and minor quantities of peonidin (Fig. 9A ). The appearance of the trihydroxylated anthocyanidins and derivatives (for structures, see Fig. 1 ) was coordinate with, and likely driven by, the abundance of VcF3#5#H transcripts beginning at stage S5. We also assayed flavonols, which were most abundant in young fruit (Fig.  9B) . Quercetin was predominant, with only minor quantities of myricetin observed ( Fig. 9B ; Supplemental Fig. S5 ), indicating that the F3#5#H enzyme was not significantly impacting flavonol structure.
PAs, Flavonoids, and Flavonoid Gene Transcripts Are Localized to Distinct Regions of Blueberry Fruit
The tight temporal control of gene transcription observed above suggested that PAs and other flavonoids might also be under precise tissue-specific control. To determine the localization of PAs, fruits were histologically fixed, sectioned, and incubated with the PA-specific stain 4-dimethylamino-cinnamaldehyde (DMACA; Fig. 10) . As a control, we also stained some sections using the less sensitive vanillin-HCl method (Lees et al., 1993) , and this reagent gave similar but less intense coloration (Supplemental Fig. S6 ). At stage S1, PAs were localized throughout the entire fruit (Fig. 10 , A-C; dark blue coloration upon reaction of PAs with DMACA). As fruit development progressed to stage 3 (S3), PA staining became minimal in the mesocarp but remained intense in the seed coats, placentae, and the exocarp (Fig. 10, D-F) . At S5 to S8, the volume of the mesocarp tissue increased substantially, thus diluting PA concentration and reducing the intensity of DMACA staining at S6 to S8 (Fig. 10, G-L) . A change in color from dark blue to brown in the placental and seed coat tissues suggests that localized oxidation of the PAs occurred by stage 6 (Fig. 10 , G, H, J, and K; see also Fig. 2A ). At fruit maturity (stage 8; Fig. 10L ), the darkblue staining in the epidermis is likely due to DMACA staining of PAs as well as anthocyanins that occur at high levels in this tissue at this stage. The purple staining in the hypodermis in stage 8 fruit is likely mainly due to the presence of anthocyanins.
For flavonol localization, flavonol autofluorescence was monitored using fluorescence microcopy in fruit cross-sections after histological fixation. To verify the yellow-colored fluorescence signal derived from flavonols, we stained sections with a flavonol-specific stain (diphenylboric acid 2-aminoethylester [DPBA]). After DPBA staining, the yellow-colored fluorescence signal dramatically intensified but retained the same pattern, confirming that the yellow autofluorescence was specific to the flavonols (Fig. 11) . Furthermore, we confirmed the autofluorescence emission wavelength range of flavonols and the enhancement of the flavonolspecific fluorescence emission by DPBA using commercial standards of flavonols and a spectrofluorometer with an excitation wavelength within the range used for the fluorescence micrographs (420-490 nm). These controls confirmed that flavonols autofluoresce and that DPBA enhances the fluorescence of flavonols within the expected wavelength range. This enhancement was not observed for chlorogenic acid, which is the most abundant nonflavonoid phenolic acid of blueberry fruit (Moze et al., 2011; Supplemental Fig. S7 ). In blueberry fruit cross-sections, intense flavonolspecific autofluorescence and DPBA-enhanced fluorescence were observed in the exocarp, mesocarp, and placental tissues of stage 1 fruit (S1; Fig. 11 , B-E), the same regions in which we detected PA staining. Flavonol-specific fluorescence became minimal in the mesocarp by stage 3 (Fig. 11, I and J) but remained intense in the placentae and exocarp through stage 6 fruit ( Fig. 11 , P-S) and in the placentae and cuticle through stage 8 fruit (Fig. 11 , W-Z). In addition, we detected flavonols in the developing seed. Epidermal cells of S1 seed coats show fluorescence intracellularly (likely vacuolar; Fig. 11 , F and G), which redistributes toward the periphery of the cell (Fig. 11 , M and N) and eventually becomes focused exclusively in the cell periphery (Fig. 11 , T, U, A1, and A2). Overall, flavonol localization generally followed the pattern of PA staining observed with DMACA. To investigate the relation between flavonoid gene transcript abundance and PA and flavonoid localization, the abundance of flavonoid gene transcripts was measured in samples enriched in specific fruit tissues.
Approximately 60 early stage fruits (S3) were coarsely dissected into "inner fruit tissue" (primarily developing seeds and placentae) and "skin" (primarily exocarp and hypodermis) tissue. In addition, 45 S7 fruits were separated into seeds and skin, while the mesocarp and placental tissues were discarded. The abundance of key flavonoid gene transcripts was then profiled in these tissues and compared with whole, undissected S3 and S7 fruit. In S3 fruit, VcANR and VcLAR gene transcripts were detected at greater levels in the inner fruit tissues than in the skin and whole fruit (Fig. 12A) , which is consistent with intense PA staining localizing to the developing seed coats and placentae (Fig. 10, D-F) . Furthermore, VcF3#H and VcMYBPA1 transcripts were abundant in both the inner fruit tissue and skin (Fig. 12A) , which matches the localization of both PAs and flavonols in young fruit (S1 and S3).
In S7 fruit, VcANR and VcLAR were not detected in appreciable amounts in any tissue (data not shown), despite the presence of PAs in the exocarp and placentae of S6 and S8 fruits (Fig. 10, I and L; see also Fig. 7 ). These data support the idea that PAs are synthesized early in fruit development and are stored in cells of specific tissues throughout development, including at maturity. Also in stage 7 fruit, VcUFGT, VcF3#H, and VcMYBPA1 transcripts were nearly exclusive to the skin tissue (Fig.  12B) , which is the site of anthocyanin-based coloration in ripening fruit. However, VcF3#5#H transcripts were also detected in S7 seeds as well as in the skin of S7 fruit. It is possible that some of the B-ring trihydroxylated anthocyanins, or the minor quantities of trihydroxylated flavonols (myricetin) and PAs (epigallocatechin PA subunits) found in ripe fruit, were seed derived.
Since the signals that determine ripening of blueberry are poorly defined, we undertook hormone profiling of developing fruit using a previously described LC-electrospray ionization-MS/MS method (Ross et al., 2004; Owen et al., 2009) . ABA is of primary interest for nonclimacteric fruit, but for a subset of samples, we also quantified the most important natural auxins and cytokinins (Fig. 13; Supplemental Figs. S8 and S9) . Physiologically active cis-ABA (hereafter referred to as free ABA; Fig. 13A ) increased markedly at ripening initiation (from S5 to S6) and peaked in S7 fruit, reaching a substantial concentration of more than 30 mg g 21 dry weight (Fig. 13B) . On a per fruit basis, the rise in free ABA starting at ripening initiation was dramatic, increasing by nearly six times between S5 and S6 (Fig. 13B) . Free ABA content was maximal at S6, indicating that free ABA synthesis immediately preceded the rapid increase in anthocyanin synthesis ( Figs. 2A and 9A ).
Free ABA is synthesized from carotenoids via a number of enzymatic steps, but its synthesis is rate limited by 9-cis-epoxycarotenoid dioxygenase (NCED; Nambara and Marion-Poll, 2005) . We searched the blueberry ESTs for homologs of NCED genes, identifying one 723-bp contig (VcNCED1; CL1643Contig1) in the EST library that was 76.8% identical (E = 1e-108) to Arabidopsis NCED3 (Table II) . The enzyme encoded by AtNCED3 has been functionally characterized as having the expected activity (Iuchi et al., 2001 ). Therefore, qRT-PCR was carried out to assay blueberry VcNCED1 transcript abundance during development. The relative VcNCED1 transcript abundance was very low in young, preripening fruit, but then it increased substantially around ripening initiation at S5 and peaked at S6 to S7 (Fig. 13C) . This trend was consistent in two growing seasons; in both cases, the pattern of VcNCED1 expression paralleled the upward trend in free ABA accumulation. It was also similar to the rise of the anthocyanin-specific transcript VcUFGT (Fig.  8E ), but interestingly, the VcNCED1 transcripts accumulated slightly earlier.
The concentration of biologically active ABA in plant tissues is the result of a combination of transport, biosynthesis, and catabolism. ABA can be metabolized through three major catabolic pathways: (1) 8#-hydroxylation, leading to the formation of phaseic acid and dihydrophaseic acid (DPA); (2) 7#-hydroxylation, leading to the formation of 7#-hydroxy-ABA (7#-OH-ABA); and (3) conjugation of ABA with Glc to form ABA-Glc ester (ABA-GE; Fig. 13A ). Less common is 9#-hydroxylation to form neo-phaseic acid (neoPA; Nambara and Marion-Poll, 2005) . Since the flux through these pathways depends on the plant species, tissue, developmental stage, and biological process (Zaharia et al., 2005b ), we quantified all major ABA catabolites, conjugates, and isomers, including ABA-GE, 7#-OH-ABA, phaseic acid, DPA, neoPA, and trans-ABA. All of these metabolites were detected at different ripening stages (Fig. 13D) . Early stages S1 and S3 are characterized by substantial amounts of ABA-GE (around 9.8 mg g 21 dry weight) and increasing amounts of phaseic acid and DPA. At S1, the amount of ABA-GE was much higher relative to the amount of free ABA, but free ABA predominated at subsequent stages ( Fig. 13D; Supplemental Fig. S9 ). Levels of 7#-OH-ABA also increased during early stages. During ripening (S5-S8), phaseic acid and DPA were no longer detected in significant quantities, and ABA-GE appeared to be the major catabolite during the maturation stages, peaking at 10.2 mg g 21 dry weight in S8 fruit. Notably, trans-ABA began to increase at S5, reaching a ratio of 6:1 for cis:trans-forms of ABA at S6. The presence of trans-ABA is thought to be due to the isomerization of natural ABA under UV light, and its presence in such large amounts is intriguing. neoPA was detected in minute amounts, mostly in the later stages of ripening, which shows that little flux was occurring through the 9#-hydroxylation catabolic pathway.
The tissue distribution of the ABA metabolites was probed by separating seeds from fleshy ovary tissue of S5 and S8 fruits. Free ABA content was 2-and 3-fold enriched in the fruit flesh compared with the seeds of S5 and S8 fruits, respectively, and the increase in free ABA between S5 and S8 was most substantial in the flesh tissue (Supplemental Fig. S9 ). Moreover, it appears that ABA catabolism was higher in the flesh of berry fruits, as seeds contain low levels of catabolites. In S5 flesh, 7#-OH-ABA appears to be a major ABA catabolite along with ABA-GE, while at the ripe stage S8, conjugation to ABA-GE seems to predominate.
Other growth regulators measured were present at much lower absolute concentrations (Supplemental Fig.  S8 ). Cytokinin levels, most notably trans-and cis-zeatin-O-glucoside, peaked early in fruit development (S1-S4). The most abundant auxins were the biologically active free IAA and the conjugate IAA-Asp (Supplemental Fig. S8A ; Supplemental Materials and Methods S1). IAA concentration sharply increased between S4 and S5 and then began to decline as ripening proceeded (S6-S8). As IAA concentration fell, IAA-Asp increased, Figure 10 . Localization of PAs in blueberry fruit at major developmental stages. Fruit tissue cross-sections were treated with DMACA to visualize PAs, and light micrographs of fruit cross-sections from stages S1 (A-C), S3 (D-F), S6 (G-I), and S8 (J-L) are shown. The middle row (B, E, H, and K) shows details of stained placental and seed tissues, and the bottom row (C, F, I, and L) shows fruit flesh and epidermal tissue. e, Exocarp; h, hypodermis; m, mesocarp; p, placenta; s, seed; vb, vascular bundle. suggesting that levels of active IAA are at least partially reduced via conjugation with Asp. Thus, the levels of active IAA peaked slightly earlier than ABA, suggesting a coordinated interaction of these two hormonal pathways for transitioning into the ripening stage.
DISCUSSION
Blueberry fruit contain a diversity of flavonoids that have been characterized chemically but for which the underlying molecular biology and developmental context have not been studied. Here, we used genomics and molecular tools to identify relevant flavonoid genes and correlated the accumulation of flavonoid transcripts with flavonoid end products over blueberry fruit development. Our results show that PA biosynthetic genes are expressed early in fruit development and that their expression is clearly separated in time from anthocyanin-specific genes. In addition, we identified and functionally tested a potential PA MYB regulator. Both PA-and flavonol-specific staining revealed an accumulation of these end products in the same cell types. Our analysis showing substantial and dynamic levels of ABA during ripening suggest the involvement of this growth regulator in blueberry fruit ripening.
PA Synthesis Is Developmentally and Spatially Delimited in Blueberry Fruit
PAs were present in the fruit throughout development (Figs. 7 and 10 ), but PA-specific transcripts (VcANR and VcLAR) were only detected early in the developmental profile, prior to ripening (up to S4; Fig.  5 ). PA concentration steadily declined from early development to ripening initiation, corresponding to a decline in VcANR, VcLAR, and general flavonoid gene expression as well as a rapid expansion of the fruit mesocarp. The lack of VcANR and VcLAR transcripts, decreased PA concentration, and reduced PA staining in ripening fruit (S5-S8) suggest that PA synthesis occurred primarily early in fruit development. This explains the absence of ESTs with similarity to ANR and LAR genes in our EST libraries, which were derived from mid-and late-stage berries. However, the total amount of PAs per fruit increased until S5 (Fig. 7A) . This implies that early in development, sufficient pools of flavan-3-ols were produced for PA synthesis to continue through to S5.
The limitation of PA gene expression to young blueberry fruit is reminiscent of the pattern in grape, although in that system, VvANR and VvLAR gene expression is high in seeds and skin until just after ripening initiation (véraison; Bogs et al., 2005) . Interestingly, in grape seeds, there is a dramatic spike in VvF3#H, VvDFR, and VvLAR2 expression at ripening initiation, while VvANR and VvANS are also expressed at high levels (Bogs et al., 2005 . It has been suggested that this might correspond to a burst in flavan-3-ol monomer synthesis in seeds (Downey et al., 2003; Bogs et al., 2007 ). This appears not to be the case in blueberry, and we detected very little expression of VcANR or VcLAR at ripening initiation (S5/6) or in the seeds of S7 fruit. The reason why PA synthesis declines at ripening initiation is not entirely clear. It is generally assumed that PAs in young fruit skin function as feeding deterrents while seeds are still immature (Wrangham and Waterman, 1983) . Since maturing seeds in S5/6 fruit had begun the browning process, de novo PA synthesis is likely unnecessary after this stage, and high PA levels in skin may hinder consumption by seed dispersers. Skin PAs may also function more broadly as antimicrobials to protect against pathogens and other fungi (Treutter, 2006) and thus help keep fruit palatable for dispersers. The switch in flavonoid biosynthesis from PAs to anthocyanins thus reflects the shift in strategy from protecting fruit against herbivory to promoting seed dispersal by larger herbivores.
DMACA staining showed that in S1 fruit, PAs accumulated in all the ovary tissues as well as in developing seed coats, but as the fruit matured, PAs in the ovary were primarily concentrated in placentae and the exocarp (skin; Fig. 10 ). To date, there are few reports of the localization of PAs in fruit; in grape, Cadot et al. (2011) also found predominant DMACAreactive PAs in the skin as well as the seed coat, but they did not study PA localization in the entire fruit. In apple, early reports also localize PAs to the skin and seed coat (Lees et al., 1995) . Flavonol localization (Fig. 11 ) and early accumulation (Fig. 9B ) during fruit development paralleled those of PAs (Figs. 7 and 10) . In Arabidopsis seeds, flavonols are localized in proximity to PAs, where they both become embedded in mature seed coats by enzyme-catalyzed oxidative Micrographs from fruit stages S1 (A-G), S3 (H-N), S6 (O-U), and S8 (V-A2) are shown as columns. A, H, O, and V are light micrographs that depict the entire fruit over development (bars = 1 mm). Exocarp and mesocarp tissues are depicted as autofluorescence (B, I, P, and W) and after staining with DPBA (C, J, Q, and X). Placental tissues are shown as autofluorescence (D, K, R, and Y) and after staining with DPBA (E, L, S, and Z). Seed tissues are shown as autofluorescence (F, M, T, and A1) and after staining with DPBA (G, N, U, and A2). Bars for fluorescence micrographs = 100 mm. The brightness of the autofluorescence micrographs is presented as obtained from the fluorescence microscope. Brightness was uniformly reduced for all fluorescence micrographs of the DPBA-stained series to reduce blurring effects. c, Cuticle; e, epidermis; em, embryo; exo, exocarp; h, hypodermis; m, mesocarp; p, placenta; s, seed; sc, seed coat; stc, stone cell; vb, vascular bundle.
polymerization (Pourcel et al., 2005) . We also detected flavonols in placentae and the seed coat, and in the epidermal layer of the seed coat there appeared to be a redistribution of flavonols toward the cell periphery in early seed development. This may reflect the sclerification of the epidermal cells of the seed coat, where vacuole-localized flavonols may be released and accumulate near or intercalate into the cell wall upon the loss of vacuole integrity. We believe that this is the first observation of PA and flavonol colocalization in a fleshy fruit. The specificity of staining to cell types emphasizes the precision with which the flavonoid pathways are regulated in fruit and underlines the importance of investigating this pathway at multiple levels, including gene expression and cell/tissue-specific localization.
PA Subunit Composition Reflects Biosynthetic Gene Expression and Suggests Transcriptional Control of PA Synthesis
Blueberry PAs were composed almost entirely of epicatechin units, with only a small amount of catechin present, mostly as terminal units of PA polymers (Table III) . The predominance of epicatechin units in the polymers seems to parallel the substantially higher relative abundance of VcANR transcripts compared with VcLAR transcripts. ANR has been characterized as producing epicatechin-type flavan-3-ol monomers in a number of species (Xie et al., 2004; Bogs et al., 2005; Akagi et al., 2009a) , while LAR is thought to make catechin-type flavan-3-ol monomers in species that make this compound (Tanner et al., 2003) . It is tempting to hypothesize that the ANR activity is associated with PA synthesis in blueberry; however, the exact origin of the flavan-3-ol extension subunits in PA polymers is still in question.
During early fruit development, when PA biosynthesis predominates, the transcript abundance of VcF3#H was high and that of VcF3#5#H was minimal (Fig. 8) . Correspondingly, fruit PA subunit composition consisted of ortho-dihydroxylated flavan-3-ols (mainly epicatechin) produced by B-ring hydroxylation by F3#H. As the fruit matured (stages 6-8), the transcript abundance of both VcF3#H and VcF3#5#H increased. This may explain the small amounts of the trihydroxylated epigallocatechin that were detected in mature fruits (Table III) . The control of B-ring hydroxylation by F3#H and F3#5#H gene expression has been observed in other fruit. In apple, the PA hydroxylation pattern is the result of high F3#H gene expression and the apparent lack of the F3#5#H gene (Han et al., 2010) . By contrast, persimmon fruit PAs are composed primarily of trihydroxylated subunits, corresponding to high expression of F3#5#H (Akagi et al., 2009a) . Thus, the species-and tissue-specific PA subunit hydroxylation patterns may be largely dependent on the regulation of flavonoid hydroxylase genes, consistent with our results in blueberry. The functional significance of these hydroxylation patterns in fruit PAs needs to be studied further. Previous work has shown that flavonoids with a trihydroxylated B ring are more efficient in vitro antioxidants than their dihydroxylated counterparts (Halbwirth, 2010) . Similarly, trihydroxylation of PAs may enhance their effectiveness as feeding deterrents against insects (Ayres et al., 1997) .
The average length of blueberry fruit PAs was approximately seven subunits, linked mainly via B-type linkages, and their structure showed little variation through development ( Fig. 7 (Aron and Kennedy, 2008) . The blueberry mDP range is similar to polymer lengths reported for apple fruits (3-13; Sanoner et al., 1999; Hamauzu et al., 2005) and grape seeds (3-9; Kennedy et al., 2000; Downey et al., 2003) . By contrast, the skin of ripe persimmon, quince (Cydonia oblonga), and grape contains PAs with mDPs of 30 or greater (Downey et al., 2003; Hamauzu et al., 2005; Akagi et al., 2009a) . Such larger PA polymers impart astringency to these fruit, while lower molecular weight PAs (less than 6) are perceived as bitter (Robichaud and Noble, 1990 ). Tissue-specific flavonoid gene expression. A, Relative abundance of VcANR, VcLAR, VcF3#H, and VcMYBPA1 in S3 tissues relative to whole, undissected S3 fruits. IFT, Inner fruit tissue (mainly seeds and placentae) and skin (exocarp and some mesocarp). B, Relative abundance of VcF3#H, VcF3#5#H, VcUFGT, and VcMYBPA1 in S7 seed and skin tissues relative to whole, undissected S7 fruits. Transcript abundances are relative to geometric mean abundance of GAPDH and EF1-a reference transcripts (data are means 6 SE; n = 3). In B, the values are further normalized to the highest abundance in the three samples (set to 1.0 for each gene).
Coexpression of VcUFGT, VcF3#5#H, and VcCytob 5 Implicates These Genes in Anthocyanin Synthesis in Blueberry
While PA and flavonol levels were greater in immature blueberry fruit, anthocyanins accumulated in substantial quantities only in ripening fruit (stages 6-8). Many of the ESTs associated with general flavonoid biosynthesis (CHS, FHT, F3#H, and ANS) were enriched in the ripe berry (S7/8) EST library relative to S5/6 (Table II), suggesting that the corresponding genes are involved in anthocyanin biosynthesis. Expression profiles of VcCHS, VcFHT, VcDFR, and VcANS confirmed that these general flavonoid transcripts were highly abundant in anthocyanin-rich maturing fruits (stages 6-8). Anthocyanin synthesis also takes place rapidly following ripening initiation in grape and bilberry (Vaccinium myrtillus), which is likewise reflected in a concerted activation of anthocyanin gene expression (Boss et al., 1996; Jaakola et al., 2002) . Blueberry ripening also included the rapid accumulation of VcUFGT transcripts, primarily in the skin. The orthologous gene in grape (VvF3GT) was shown to encode an anthocyanidin glycosyltransferase enzyme and is also rapidly expressed following ripening initiation concomitant with color development (Ford et al., 1998; Kobayashi et al., 2001 ). Based on sequence similarity to other functionally characterized anthocyanidin glycosyltransferases (Supplemental Fig. S2 ) and the tight correlation between transcript abundance and anthocyanin accumulation, it is likely that the VcUFGT gene product is responsible for anthocyanidin glycosylation in blueberry fruit. Similar to VcUFGT, ESTs predicted to encode VcF3#5#H were found exclusively in the S7/8 EST library, and qRT-PCR analysis indicated that corresponding transcripts are abundant only during ripening. This pattern predicts a role in anthocyanin biosynthesis, consistent with our observation that the predominant anthocyanins in ripe fruit were glycosides of delphinidin, petunidin, and malvidin, which all require a trihydroxylated (3#4#5) B ring produced by an F3#5#H enzyme. As mentioned above, restriction of VcF3#5#H expression to the ripening stages could explain why the dihydroxylated B-ring structure predominates in PAs and flavonols.
Our expression profiles also implicate VcCytob 5 in ripening. This gene is most homologous to DIF-F from petunia, which was shown to encode a specific cytochrome b 5 necessary for full activity of F3#5#H (de Vetten et al., 1999) . Interestingly, VcCytob 5 transcripts were also highly abundant early in blueberry development during PA and flavonol synthesis, which could imply its involvement in F3#H activity as well. Likewise, the putative grape ortholog of petunia DIF-F also displays a biphasic developmental expression pattern .
VcMYBPA1 Phylogeny and Expression Pattern Suggest a Role in the Regulation of Flavonoid Synthesis
The synthesis of PAs, anthocyanins, and flavonols is known to be regulated by a network of transcription factors that operate as MYB-bHLH-WDR ternary protein complexes. It is the MYB factors that seem to impart specificity, and three main types have been implicated in PA regulation (Supplemental Fig. S3 ). The Arabidopsis TT2 protein defines the first type and regulates genes encoding general flavonoid and PAspecific enzymes in the seed coat. It is closely related to the stress-inducible PtMYB134 gene, which regulates leaf PAs in Populus (Mellway et al., 2009) . A second type of PA regulatory MYB was defined by the grape VvMYBPA1 gene (Bogs et al., 2007) . However, grape was subsequently shown to also use a TT2-like MYB (VvMYBPA2) to regulate PAs in berries, which works in concert with VvMYBPA1 (Terrier et al., 2009) . A third type of MYB transcription factor involved in PA synthesis is the MYB5a/b proteins from grapevine (Deluc et al., 2008) , but these MYB proteins appear to be less specific than MYBPA1 and MYBPA2. Anthocyanin regulatory MYBs (VvMYBA1/2) have also been characterized in grape (Kobayashi et al., 2002) . Surprisingly, in the blueberry EST libraries, we did not find a homolog of the anthocyanin-specific MYB factors such as VvMYBA1. Rather, we identified VcMYBPA1, a likely ortholog of grapevine VvMYBPA1 (Supplemental Fig. S3 ). The latter is highly expressed in young fruit and acts by activating promoters of VvANR, VvLAR, and general flavonoid genes (Bogs et al., 2007; Terrier et al., 2009 ). Our in vivo transcriptional activation assays using promoter-luciferase fusion constructs introduced into Arabidopsis leaves showed that VcMYBPA1 strongly activated a poplar ANR promoter (Fig. 6) . This activation appears to be specific, in that this promoter was not activated by the anthocyanin MdMYB1 from apple. Likewise VcMYBPA1 does not activate a previously characterized anthocyanidin-3-O-glycosyltransferase promoter from apple. These results will need to be confirmed using promoters from blueberry, but they are consistent with a role of VcMYBPA1 in PA synthesis. We note that despite this hypothesized role, the VcMYB-PA1 gene is also highly expressed during ripening initiation (in skin), when VcANR and VcLAR transcript abundance is low (Fig. 5) . A similar expression pattern was observed for the grape VvMYBPA1 (Bogs et al., 2007) . Therefore, in addition to activating PA synthesis early in development, these MYBs may also contribute to anthocyanin synthesis later during ripening via the activation of general flavonoid genes. This would likely necessitate a negative regulator of PA-specific genes during ripening to prevent reactivation of the PA pathway (Deluc et al., 2008) . Further work is necessary to unequivocally demonstrate the functionality and specificity of VcMYBPA1 in the context of blueberry fruit development.
Activation of ABA Metabolism during Blueberry Fruit Ripening Demonstrates Parallels to Nonclimacteric Fruit
Our analysis revealed both a dramatic increase in free ABA at ripening initiation and high levels in mature fruit ( Fig. 13; Supplemental Fig. S9 ). Maximum concentrations reached 30 mg g 21 dry weight active ABA, which exceeds levels found in grape by 6-fold (Owen et al., 2009 ). The coordinate rise in expression of VcNCED1, which encodes 9-cis-epoxycarotenoid dioxygenase, which is rate limiting in ABA synthesis (Nambara and Marion-Poll, 2005) , suggests that ABA synthesis is part of the mechanism underlying this sharp increase. In addition, reduced ABA catabolism also appears to contribute to the accumulation of high levels of free ABA, as overall levels of ABA catabolites do not rise in proportion to free ABA. The accumulation pattern of ABA was generally consistent between two growing seasons. Since ABA levels in blueberry are likely to be influenced by drought stress as they are in grape (Castellarin et al., 2007) , some of the variation we observed in absolute levels of ABA metabolites between years may be due to water availability. In contrast to ABA, the levels of IAA were much lower and dropped at the onset of ripening. A similar pattern has been observed in grape and other fruit (Bö ttcher et al., 2010, and refs. therein) . Reduced IAA levels may be essential for ripening to proceed, since the application of synthetic auxins to grape fruit delays ripening (Davies et al., 1997) . A marked increase in conjugation of IAA to Asp (S6 fruit) following the peak in free IAA levels (S5 fruit) is a likely mechanism to reduce free IAA levels, thus promoting ripening.
To our knowledge, this is the first detailed analysis of ABA metabolism including VcNCED1 gene expression for blueberry. In grape, a similar rise in VvNCED1 and ABA accumulation at ripening initiation has been documented (Coombe and Hale, 1973; Deluc et al., 2009; Owen et al., 2009 , Wheeler et al., 2009 . ABA is now considered to be a key regulator of ripening in grape and other nonclimacteric fruit. Strawberry, for example, also shows an increase in ABA in parallel with color formation and ripening. Furthermore, RNAi-mediated silencing of the FaNCED1 gene reduced ABA accumulation and also inhibited anthocyanin synthesis of strawberry fruit (Jia et al., 2011) , which functionally links ABA with ripening processes. In grape, both drought-induced or exogenous ABA leads to elevated anthocyanin synthesis and anthocyanin-related gene expression, providing a strong link between ABA metabolism and anthocyanin synthesis (Coombe and Hale, 1973; Peppi et al., 2008; Koyama et al., 2010; Wheeler et al., 2009) . By contrast, there is little effect of ABA on PA synthesis and gene expression (Koyama et al., 2010; Lacampagne et al., 2010) .
Our results for blueberry fruit also show a tight temporal correlation between VcNCED1 expression, ABA accumulation, and the expression of anthocyanin genes and anthocyanin concentration during ripening, but not the earlier expression of PA biosynthetic genes or PA accumulation. These results implicate ABA as an important plant growth regulator in blueberry fruit development. Earlier work had pointed to a limited role of ethylene and a respiratory burst in blueberry fruit ripening (Windus et al., 1976; Shimura et al., 1986; Suzuki et al., 1997a) , but other reports were more variable (Frenkel, 1972; Janes et al., 1978) . If significant ABA involvement in the transitioning of fruit into the ripening phase is a major criterion for nonclimacteric fruit, our data showing an overall pattern of ABA accumulation and VcNCED1 gene expression similar to the pattern seen in grape (a nonclimacteric fruit) suggest that blueberry also belongs to this group. A functional link of ABA accumulation with ripening initiation and progression will require more direct experiments. Moreover, the very high concentrations of free ABA relative to ABA metabolites, as well as the distinct phases of accumulation of ABA catabolites, could make blueberry an interesting system for more detailed studies of ABA metabolism in ripening. For example, the 8#-hydroxylation pathway leading to phaseic acid and DPA is active only in young fruit, whereas conjugation to Glc (ABA-GE) occurs throughout development. It will be interesting to explore the relative importance of these ABA pathways for ripening of blueberry and other fruit.
CONCLUSION
Our work shows that flavonoid biosynthetic pathways leading to PAs and anthocyanins are tightly regulated in developing blueberry fruits and that this regulation occurs at the level of gene expression. Developmental profiles and localization studies emphasize that these pathways are controlled in both time and space, suggesting important functions for their end products. The observation that PAs, anthocyanins, and flavonols are all present in the skin (exocarp) of ripe fruits suggests that this tissue is a key site for blueberry organoleptic and antioxidant properties and general health-promoting benefits. Our study also correlates ABA metabolism with anthocyanin accumulation in blueberry fruit, as is the case for other nonclimacteric fruit, suggesting that blueberry belongs to this class of fruit as well. Ultimately, knowledge of hormonal controls and transcriptional mechanisms of the regulation of ripening and the flavonoid pathway will provide practical applications for enhancing the flavonoid content of blueberry.
MATERIALS AND METHODS
Plant Material and Developmental Staging Criteria
Highbush blueberry (Vaccinium corymbosum 'Rubel') tissue was harvested from an organic blueberry farm (Sweet Briar Farm) near Victoria, British Columbia, Canada, during the 2006 to 2010 growing seasons. Fruits were selected from multiple plants and sorted into an eight-stage system reflecting berry development, which was based on size and appearance, following validated methods for other small fruit (Ozga et al., 2006) . There were two key phases of fruit growth during each season from which fruits were collected. Fruits from the first phase were sorted into five stages primarily based on size (stages 1-5), as described in "Results." Collection dates were June 18, 2007 , June 20, 2008 , June 9 to 12, 2009 , and June 3, 2010 . Fruits in the second phase (stages 6-8) were sorted by texture and color, as described in "Results." Collection dates were July 13, 2006 , August 27, 2008 , July 28, 2009 , and August 9, 2010 . Floral buds, flowers, and ovaries were also collected. Two stages of floral ovary development were prepared by removing and discarding nonfruit-forming floral bud and flower tissue (stigma, style, petals, stamens) from the ovary and calyx. All tissue (except the material for histology) was frozen on site in liquid N 2 and stored at 280°C until use.
cDNA Library Construction and EST Sequencing
Total RNA was isolated from fruits harvested in 2006 from two separate pools of tissue (stage 5/6 and stage 7/8) using the protocol from Jaakola et al. (2001) . Poly(A + ) RNA was isolated using Dynabeads Oligo(dT) 25 (Dynal) according to the manufacturer's instructions. First-strand cDNA synthesis was carried out using SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's protocol with some variations. Briefly, 5 mg of poly(A + ) RNA was primed with 200 pmol of attB2Sfi-T20 (5#-AGAGAGGC-CGCCTCGGCCACCACTTTGTACAAGAAAGCTGGGCT 20 VN-3#) primer at 68°C for 5 min. Kit reagents were then added, and the reaction was sequentially incubated at 37°C for 30 min, 45°C for 30 min, and 50°C for 10 min. Secondstrand synthesis was carried out according to the manufacturer's (Invitrogen) protocol. Following second-strand synthesis, the cDNA was blunt ended for adapter ligation using T4 polymerase (New England Biolabs) and incubated for 15 min at 16°C. The reaction was cleaned up by phenol/chloroform extraction, and the DNA was precipitated using Poly dA (Roche Diagnostics) following the manufacturer's instructions. cDNA quality was assessed by agarose gel electrophoresis. For cDNA library construction, the oligonucleotides attB1-SfiIC-s (5#-AGGCCTACAAGTTTGTACAAAAAAGCAGGCTCTTC-3#) and attB1-Sfi-IC-as (5#-GAAGAGCCTGCTTTTTTGTACAAACTTGTAGGCCTAAA-3#) were first annealed to give adapter attB1-Sfi. A total of 240 pmol of this adapter was added to 20 mL of second-strand DNA and ligated using T4 ligase (Fermentas). The reaction was incubated overnight at 16°C, treated with phenol/chloroform, and the DNA was ethanol precipitated. The DNA was digested with SfiI restriction enzyme (New England Biolabs), and following cleanup, the cDNA was size separated on a 1% low-melting-point agarose gel into four size fractions. The gel slices were digested with Agarase (New England Biolabs), and the DNA was precipitated according to the manufacturer's protocol. Plasmid pHelix1(+) (Roche Diagnostics) was modified to give pHSX-Ci by inserting an adapter between the EcoRI and KpnI sites that contains two SfiI sites (ggccgcctcggcc [Sfi I-B] and ggccatttaggcc [Sfi I-C]) to accommodate the directional cloning of cDNA inserts. The cDNA fragments were ligated into pHSX-Ci using T4 ligase, and the ligation mix was cleaned up using High Pure spin columns (Roche Diagnostics). Plasmids containing inserts were transformed into electrocompetent DH10B Escherichia coli cells (Invitrogen). The quality of the library was verified by plasmid extraction and digestion with SfiI. The clones were sequenced at the National Research Council's Plant Biotechnology Institute (Saskatoon, Canada).
Annotation and Phylogenetic Analysis of Blueberry ESTs
EST sequences were cleaned, clustered, and annotated as described by Nagel et al. (2008) . Custom PERL scripts were written to assign GO annotation based on top hits to the TAIR database. Blueberry flavonoid ESTs were identified and validated as described in "Results." Neighbor-joining phylogenetic trees were constructed using MEGA version 4.0 (Tamura et al., 2007) . Trees were constructed with the blueberry protein sequences and sequences from functionally characterized proteins of the same class. The tree construction parameters and accession numbers are provided in the figure legends. The EST data have been deposited in GenBank at the NCBI (http:// www.ncbi.nlm.nih.gov/) with dbEST accession numbers JK650988 to JK668121.
RNA Isolation and cDNA Synthesis for qRT-PCR Gene Expression Analysis
Protocols were designed to conform to the Minimum Information for Publication of Quantitative Real-Time PCR Experiments guidelines for qRT-PCR experiments as much as possible (Bustin et al., 2009 ). To capture the average transcriptional state of a fruit throughout development, pooled fruits of a given stage were ground in liquid N 2 (100-150 fruits for stages 1-3; 45-80 fruits for stages 4-8). Subsample(s) of approximately 1 g of tissue were divided into aliquots for RNA extraction. Total RNA was isolated from all tissues using the cetyl-trimethyl-ammonium bromide method originally designed for bilberry (Vaccinium myrtillus) fruit, also high in phenolics and carbohydrates (Jaakola et al., 2001 ). The extraction buffer contained 2% cetyltrimethyl-ammonium bromide, 0.3 g g 21 polyvinylpolypyrrolidone, 100 mM Tris-HCl (pH 8.0), 25 mM EDTA, 2.0 M NaCl, and 0.5 g L 21 spermidine. RNA quality and purity were confirmed by denaturing agarose gel electrophoresis and A 260 -A 280 absorbance ratios (typically, 1.90-2.15) using a ND-1000 UV Nanodrop spectrophotometer (Nanodrop Technologies). Yields ranged from approximately 25 to 108 mg g 21 fresh weight for ovaries, S1, and S2 fruits and 6 to 16 mg g 21 fresh weight for large fruits (S3-S8). RNA was stored at 280°C in Tris-EDTA buffer (pH 7.0). To remove genomic DNA (gDNA), 3 mg of RNA was DNase treated for 15 min at room temperature with 2 to 3 mL (2-3 units) of Amplification Grade DNase I (Invitrogen) according to the manufacturer's instructions. The DNase was inactivated with 3 mL of 25 mM EDTA (pH 8.0) at 65°C for 10 min. The RNA was precipitated overnight at 280°C with 1/9 volume of 3 M sodium acetate and 1 volume of isopropanol. The pellets were washed with 70% ethanol, air dried, resuspended in Ultrapure water, and quality and purity assessed by Nanodrop A 260 -A 280 absorbance ratios, typically 1.7 to 2.0.
The synthesis of cDNA was carried out using the SuperScript II reverse transcriptase kit (Invitrogen) according to the manufacturer's protocol. For each sample, 1 mg of total RNA was primed with 2 mL (534 mg mL 21 ) of anchored oligo(dT) 20 VN primers (purchased from Alpha DNA) and 1 mL of 10 mM deoxyribonucleotide triphosphate mix and then reverse transcribed with 1 mL (200 units) of SuperScript II reverse transcriptase, without the optional addition of RNaseOUT. Controls for each sample that included RNA and all reagents except reverse transcriptase were included in the reverse transcription protocol to later determine the amount of gDNA contamination. All cDNAs were stored at 220°C.
Primer Design
Primers (Alpha DNA) were designed for each gene (Supplemental Table  S5 ) using Vector NTI Advance 9 (Invitrogen) according to the following criteria: 19 to 26 bp per primer, GC content of 40% to 60%, melting temperature generally 60°C to 65°C (nearest neighbor method; Vector NTI settings of 660,000 pM probe concentration, 50 mM salt concentration), and melting temperature of forward and reverse primers within 3°C of each other. The primers typically amplified a product of 100 to 150 bp, did not have a T or a GC run of three or more at the 3# end of the primer, and had minimal or no predicted intraprimer and interprimer complementarity, which was determined using Oligo Analyzer 1.2 software.
Analysis of Transcriptional Activation Using the Dual Luciferase Reporter Assay
Transcription factor overexpression and reporter gene constructs for assaying promoter activation with the Dual Luciferase Reporter system (Hellens et al., 2005) were generated using the pMDC32 overexpression vector (Curtis and Grossniklaus, 2003) and the pGREEN800 vector (Hellens et al., 2005) . A plasmid containing the VcMYBPA1 full-length cDNA was retrieved from the EST set and resequenced (GenBank accession no. JQ085966). The cDNAs including 3# and 5# untranslated regions were cloned into pGREEN SK62 vector using NotI restriction sites prior to subcloning. Plasmid pMDC32: PtbHLH, pMDC32:PtMYB134, pMDC32:MdMYB1, and pGREEN800LUC: PtANR promoter constructs were created as described elsewhere (A. Gesell and C.P. Constabel, unpublished data). pGREEN SK62 and pGREEN800LUC were a generous gift from Dr. Roger P. Hellens (HortResearch) .
Six-to 8-week-old Arabidopsis (Arabidopsis thaliana) plants were grown as described by Ueki et al. (2009) . A total of 200 ng of effectors and 400 ng of promoter construct were added to 25 mL of 0.6-mm gold particles (under constant vortexing) with a concentration of 60 mg mL 21 in 50% sterile glycerol.
Under further vortexing, 25 mL of 2.5 M CaCl 2 and 10 mL of 0.1 M spermidine were added. The particles were washed with 70% and 100% ice-cold ethanol, resuspended in 20 mL of 100% ethanol, and left to dry on presterilized flying disks (Bio-Rad). Four leaves were selected for each bombardment and incubated on plates containing Murashige and Skoog medium (SigmaAldrich). Rupture disks (900 p.s.i.) were used for the bombardments in a Bio-Rad model PDS-1000/He Biolistic Particle Delivery System. After 48 h of incubation in constant darkness, leaves were homogenized and 10-mL aliquots were used to measure firefly and Renilla formis luciferase luminescence, as described by Hellens et al. (2005) .
qRT-PCR
qRT-PCR was performed on an Mx3005p QPCR System (Stratagene) on a 96-well plate using the Quantitect SYBR Green PCR kit (Qiagen), 0.2-mL clear, flat-top eight-well strip caps (Axygen), and 0.2-mL clear, thin-wall eight-well PCR strip tubes (Axygen). Each reaction contained 1 mL of 1:20 diluted cDNA template (5 ng), 1 mL of 10 mM forward and reverse primers (667 nM), 7.5 mL of 23 Quantitect master mix (HotStarTaq DNA polymerase, deoxyribonucleotide triphosphate mix, Sybr Green I dye, ROX reference dye, and PCR buffer), and 4.5 mL of Quantitect nuclease-free water in a final volume of 15 mL. The conditions for each PCR were as follows: 95°C for 15 min, followed by 40 to 45 cycles of 30 s at 94°C, 30 s at 58°C or 60°C, and 30 s at 72°C. Based on the results from serial dilution experiments, all primers performed better at 58°C than at 55°C, while a few gave best results at 60°C (data not shown). At the end of each experiment, a melt-curve analysis was performed using the Mx3005p default parameters (60 s at 95°C, 30 s at 55°C-95°C in 1°C increments, and 30 s at 95°C), which yielded one peak for each set of primers at a temperature between 77°C and 82°C, confirming the amplification of only a single product species during the runs. To further confirm primer specificity, multiple reactions were separated on 2% low-melting-point agarose gels for each primer set to verify the expected product length. For each gene, at least one PCR product was purified, directly sequenced and/or cloned, and then sequence verified.
"No reverse transcriptase" (NRT) and "no template" (NTC) controls were systematically included for each primer set to check for unwanted amplification from gDNA, primer dimers, and contamination. Each amplification plot was set to a ROX-normalized threshold of 0.05 to obtain quantification cycle (C q ) values. All reactions included at least one technical replicate, which typically did not differ by more than 0.2 to 0.5 C q . Any plots that did not behave with expected PCR kinetics (rare) were culled. The NTC wells consistently recorded no signal or were at least 10 or more C q above target signal. Some of the NRT wells gave signals despite DNase treatment, but the C q was within 5 C q of the NTC, indicating negligible levels of gDNA. A conservative absolute minimum limit of quantification threshold for all genes was set at 5 C q below the lowest C q recorded in any of the NRT runs for a particular gene, following the suggestions of Bustin and Nolan (2004) . The observable relative transcript abundances reported in "Results" are calculated from C q values well above this D5 C q threshold.
Relative transcript abundance ratios were calculated using the modified equation E Ref (Cqref) /E GOI (CqGOI) from Pfaffl (2001) , where E is the efficiency of reaction for each primer set. LinRegPCR software version 11 (Ruijter et al., 2009 ) was used to calculate primer set efficiency taken from the initial loglinear phase of each amplification plot. Efficiencies for each primer set (Supplemental Table S5 ) were calculated by taking the mean of all genuine amplification plots of a given gene that fell within 10% of the median efficiency. Efficiencies greater than 2.0 were set to 2.0 in the equation, according to Pfaffl (2004) . The same efficiency was used for all calculations, as suggested by Peirson et al. (2003) . Dilution series were also made for a number of the genes using 2008 pooled fruit cDNA to confirm that recorded C q values from the experiments were within the linear dynamic range (r 2 $ 0.99) and that efficiencies were consistent with the values calculated using the LinRegPCR program (data not shown). The C q value for the reference normalization factor (Ref) was calculated by taking the geometric mean of the two most stable reference genes (VcSAND and VcGAPDH). Reference genes were evaluated as described below.
Reference Gene Selection and Optimization of qRT-PCR Expression Normalization
In the blueberry EST libraries, unigenes were found with high similarity to reference genes previously found stably expressed throughout grape berry development (Reid et al., 2006) : actin, elongation factor 1a (EF-1a), GAPDH, and SAND (Supplemental Table S2 ). We also found unigenes for polyubiquitin (UBQ). Transcriptional abundances for all five genes were profiled using qRT-PCR throughout development in both the 2008 and 2009 growing seasons. VcUBQ was the first candidate reference gene eliminated, due to inconsistent expression between the two different seasons compared with the other four reference genes (Supplemental Table S3 ).
Two Excel-based programs were then used to evaluate the stability of the top four reference genes. These programs employ statistical measures to compare the stability of each reference gene with all others. For each season, the genes were ranked by geNorm (Vandesompele et al., 2002) and NormFinder (Andersen et al., 2004 ) stability values and compared with the manually calculated coefficient of variation. The ranking by each of these was averaged into an overall rank for each season and then for all samples, including floral tissues (Supplemental Table S3 ). The results indicated that VcSAND and VcGAPDH were approximately equivalent in stability, followed by VcEF-1a and then VcActin, which consistently ranked last. The geNorm program was then used to compare the variation in the geometric average of the top two reference genes (VcSAND and VcGAPDH) with the top three reference genes (VcSAND, VcGAPDH, . The geNorm program calculated less variation for the SAND-GAPDH combination (data not shown). The fold expression difference of the VcSAND-VcGAPDH combination at each developmental stage (compared with the overall geometric mean VcSANDVcGAPDH expression) showed that the maximum difference from the mean was only 1.24 (0.31 C q ) and 0.91 (0.14 C q ) for the 2008 and 2009 seasons, respectively (Supplemental Fig. S4 ). The expression stability of this reference gene combination was statistically confirmed with ANOVA tests for each growth season (data not shown). Since this combination of genes was stable, the expression of each biosynthetic gene was normalized to the geometric mean of VcSAND and VcGAPDH expression. Based on stability measures, the geometric average of VcGAPDH and VcSAND was also used for floral tissue expression analysis, while for the tissue separation experiments, VcEF1-a replaced VcSAND (data not shown).
Soluble PA Quantification and Determination of PA Subunit Composition and mDP
To estimate soluble PA concentrations, three replicates of 50 to 70 mg of fruit tissue at each stage (from the same tissue pool as the 2009 qRT-PCR analysis) were ground to a fine powder in liquid nitrogen. The samples were then ground in 10 mL of 80% methanol and extracted overnight with shaking. After vortexing the slurry and centrifuging for 5 min at 3,320g, the supernatants were used for PA analysis using the method of Porter et al. (1986) . Purified trembling aspen (Populus tremuloides) PA was used as a standard.
For PA subunit composition and mDP analysis, frozen fruit samples were shipped on dry ice to the University of Alberta, where they were stored at 280°C until extraction. Frozen berries were ground to a fine powder in liquid nitrogen using a mortar and pestle. Ground samples (5-10 g) were extracted with 66% (v/v) aqueous acetone (8 mL g 21 tissue) in an Erlenmeyer flask. The flask was sparged with nitrogen gas, sealed with a glass stopper, and placed on a rotary shaker at 100 rpm in the dark at 4°C for 24 h for extraction. The extract was filtered through Whatman No.1 filter paper under moderate vacuum using a Bü chner funnel. The tissue residue was washed with 66% aqueous acetone, extract and wash were pooled, and the acetone was removed using a SpeedVac vacuum concentrator (AES 200; Savant). The remaining aqueous PA extract was extracted minimally five times with 100% HPLCgrade ethyl acetate (3:1 [v/v] extract:ethyl acetate) to remove chlorophylls, anthocyanins, and flavan-3-ol monomers. The remaining ethyl acetate in the aqueous extract was removed using a SpeedVac. The aqueous extract was adjusted to 50% (v/v) aqueous methanol with 0.1% trifluoroacetic acid (TFA) using methanol (100%) and TFA and loaded onto a 4-mL bed volume TOYOPEARL column (1.5 3 12 cm) preconditioned with 50% (v/v) aqueous methanol with 0.1% TFA. The column was washed minimally with 5 column bed volumes of 50% aqueous methanol with 0.1% TFA to remove organic acids and other flavonoids, including flavan-3-ol monomers, anthocyanins, and flavonols. PAs were eluted using 4 bed volumes of 66% acetone with 0.1% TFA. The acetone was removed from the extract using a SpeedVac vacuum concentrator, and the remaining aqueous extract was lyophilized.
For acid cleavage and phloroglucinol derivatization of the PA extracts, the method of Koerner et al. (2009) was used with minor modifications. Briefly, the lyophilized semipurified PA powder (approximately 5 mg) was dissolved in a 1-mL solution of 0.1 N methanolic hydrochloric acid containing 100 g L 21 phloroglucinol and 10 g L 21 ascorbic acid. The reaction was carried out in a 50°C water bath for 120 min. After 20-and 120-min reactions, a 200-mL aliquot of the reaction mixture was added to 1 mL of 40 mM aqueous sodium acetate to quench the reaction. A 20-mL aliquot of the diluted reaction mixture was injected onto two Chromolith RP-18e (4.6 3 100 mm) columns connected in series, protected by a guard column (Chromolith RP-18e; 4.6 3 10 mm) and stabilized at 30°C, using an Agilent 1200 HPLC system equipped with an Agilent G1315B photodiode array detector (DAD). The HPLC conditions followed those of Kennedy and Taylor (2003) with minor modifications. The samples were eluted at 3 mL min 21 using a linear gradient with 1% (v/v) aqueous acetic acid (solvent A) and acetonitrile with 1% acetic acid (v/v; solvent B) as follows: isocratic at 3% B from 0 to 4 min; 3% to 18% B in 10 min; and 80% B from 14 to 18 min. Free PA (terminal) and phloroglucinolconjugated PA (extension) subunits were monitored at 280 nm. PA terminal subunits were identified by comparison of HPLC-DAD retention times and absorbance spectra with commercially available flavan-3-ol standards. Phloroglucinol-PA adducts were identified by comparison of HPLC retention times with grape (Vitis vinifera) skin and cranberry (Vaccinium macrocarpon) fruit PA reaction products that have been characterized previously (Koerner et al., 2009) . mDP and conversion yield were calculated according to the method of . For identification of the flavan-3-ol monomers and phloroglucinol adducts, LC-MS analysis was performed on a 4000 Q-TRAP LC/MS/MS mass spectrometer (MDS SCIEX; Applied Biosystems) connected to an Agilent 1200 HPLC system with a G1315D DAD, a G1312A binary pump, a G1379B degasser, a G1316A thermostatted column compartment, and a G1329A autosampler (Agilent Technologies). HPLC separation was performed on a Symmetry C 18 column (250 3 4.6 mm, 5 mm particle size) with a Novapak C 18 guard column (10 3 4.6 mm, 4 mm particle size; Waters) at 25°C and at a flow rate of 1.0 mL min 21 . The compounds were separated using a linear elution gradient of 1% (v/v) aqueous acetic acid (A) and 100% methanol (B) as follows: isocratic at 5% B from 0 to 13 min; 20% B at 33 min; 40% B at 58 min; 90% B at 58.1 min; and isocratic at 90% B from 58.1 to 68.1 min. MS/MS analysis was carried out in the negative ion mode using the following mass spectrometer conditions: high-purity nitrogen gas (99.995%) as nebulizing gas at 50 pounds per square inch (psi), heating gas at 30 psi, and curtain gas at 25 psi for electrospray probe. Ion spray source temperature was 600°C, and ion spray voltage was 4 kV. Collision-induced dissociation spectra were acquired using nitrogen as the collision gas under collision energy of 20 eV. The other MS parameters used were as follows: declustering potential, 70 V; entrance potential, 10 V; and collision exit potential, 7 V. An information-dependent acquisition method, EMS / 4 EPI, was used to profile the phloroglucinol adducts of flavan-3-ols and flavan-3-ol terminal units. The informationdependent acquisition threshold was set at 100 counts per second, above which enhanced product ion (EPI) spectra were collected from the eight most intense peaks. Both Q1 and Q3 were operated at low and unit mass resolution. The spectra were obtained over a scan range from mass-to-charge ratio 50 to 1,300. 
Quantification of Anthocyanidins and Flavonol Aglycones
Frozen fruit samples collected in Victoria, British Columbia, were shipped on dry ice to the University of Alberta. Samples were ground to a fine powder in liquid nitrogen using a mortar and pestle. Ground samples (2-4 g) were extracted with 8 mL of the HPLC-grade solvent mixture, acetone:methanol: water:formic acid (40:40:20:0.1, v/v/v/v) . The extracts were vortexed for 2 min and then filtered through Whatman No. 1 filter paper using a Bü chner funnel under moderate vacuum. The tissue residue was washed three times with 4 mL of the solvent mixture, then extracts and washes were pooled and evaporated to dryness using a SpeedVac vacuum concentrator. The extract residue was solubilized in 10 mL of deionized water and a 1-mL aliquot was loaded onto a Sep-Pak C18 cartridge (Waters Scientific, Mississauga, Ontario), which had been preconditioned with 2 mL of 100% methanol followed by 5 mL of deionized water. The column was washed with 5 mL of deionized water to remove sugars and organic acids. Subsequently, the anthocyanins and flavonols were eluted from the column with 10 mL of 0.1% (v/v) formic acid in methanol, and this elutant was evaporated under vacuum to near dryness. The residue was dried completely under a stream of nitrogen gas. For hydrolysis of anthocyanins and flavonols to their aglycones, 3 mL of 2 N HCl in 50% (v/v) aqueous methanol was added to the sample residue followed by sonication or vortexing to aid sample solubilization. The samples were then incubated in a preheated dry bath at 100°C for 1 h. The samples were cooled using an ice bath, and the volume of each sample was adjusted to 10 mL using deionized water prior to HPLC analysis. The extracts (20 mL per sample) were injected onto a Zorbex SB-C18, 4.6 3 250 mm (5 mm; Agilent) C18 column fitted with a Zorbex SB-C18, 4.6 3 12.5 mm (5 mm; Agilent) guard column using an HPLC system (Agilent 1200) equipped with a DAD (Agilent G1315B). The samples were eluted at a flow rate of 1 mL min 21 using a linear gradient of 0.4% aqueous TFA (solvent A) and acetonitrile with 0.4% TFA (solvent B) as follows: isocratic at 18% B from 0 to 10 min; 20% B by 25 min; 30% B by 35 min; and 40% B by 40 min. The column temperature was maintained at 35°C. Quantification of the anthocyanin aglycones was determined at 530 nm, and 350 nm was used for the flavonol aglycones. Commercial standards of anthocyanin and flavonol aglycones were used for comparison of HPLC retentions times and UV-VIS absorption spectra. The standards pelargonidin chloride, malvidin chloride, cyanidin chloride, delphinidin chloride, peonidin chloride, and quercetin were purchased from Extrasynthese, petunidin chloride from Polyphenol Laboratories, and kaempferol and myricetin from Sigma.
Histological Procedures and PA and Flavonol Tissue Localization
Fresh fruits were shipped on ice to the University of Alberta, where they were processed immediately. Fresh fruits from stages 1 to 8 were dissected into 5-to 10-mm-thick cross-sections and immediately fixed in 3.2% paraformaldehyde (v/v), 1% glutaraldehyde (v/v), 2 mM CaCl 2 , and 10 mM Suc in a 25 mM PIPES buffer (pH 7.5). After 5 d of fixing solution infiltration under vacuum at room temperature, tissues were rinsed three times with 25 mM PIPES buffer and dehydrated using a graded ethanol series of 30% and 50% ethanol (v/v) in 25 mM PIPES buffer (pH 7.5), followed by 70%, 96%, and 100% ethanol in water for 25 min each. After dehydration, specimens were sequentially infiltrated with 2.5%, 5%, 10%, 20%, 50%, and 75% 1-butanol in ethanol (v/v) for 20 min each, and the infiltration was completed with three washes of 100% 1-butanol for 20 min. The tissues were then embedded in Paraplast Tissue Embedding Medium (Fisher) as described by O'Brien and McCully (1981) . Tissues from the infiltration were embedded in paraffin blocks using a Tissue TEK II Embedding center. Tissue sections were sliced 10 to 20 mm thick using a rotary microtome (Reichaert Histo STAT 820), stretched in a 40°C water bath, affixed onto slides, and placed at 37°C to dry overnight.
For PA localization, the paraffin was removed from the tissue sections using two toluene (100%) washes at 5-min intervals. Tissue sections were stained with 0.1% DMACA solution (prepared as described by Gutmann and Feucht [1991] ) and incubated at 60°C for 15 min. The slides were then washed with 100% ethanol and two changes in toluene for 5 min each. Cover slides were placed on slide-mounted tissue sections using DPX mounting medium (BDH Chemicals). Tissue sections were observed using a Zeiss Axio Scope.A1 light microscope, and micrographs were taken with a microscope-mounted Optronics camera controlled by Picture Frame Application 2.3 software. For flavonol localization, cover slides were directly placed on slide-mounted tissue sections after the removal of paraffin with toluene. Flavonol autofluorescence (Schnitzler et al., 1996) was observed under green fluorescence (excitation filter, band pass 420-490; dichromatic mirror, 510; suppression filter, long pass 515) using a Leica DMRXA microscope in the fluorescence configuration, and micrographs were taken with a microscope-mounted Nikon camera controlled by ACT-1 software (Nikon). Tissue sections were also stained with the flavonol-specific stain DPBA, using the method of Peer et al. (2001) .
Confirmation of the autofluorescence emission wavelength range of flavonols and the enhancement of the flavonol-specific fluorescence emission by DPBA was performed using commercial standards of the flavonols quercetin (108 mM), myricetin (98 mM), and quercetin 3-O-glucoside (132 mM) and the phenolic acid chlorogenic acid (188 mM), dissolved in 100% methanol. The optimal fluorescence excitation wavelength for these flavonols and phenolic acid occurred between 420 and 490 nm, as determined using a spectrofluorophotometer (Shimadzu RF-5301pc; Supplemental Materials and Methods S1). This was the wavelength range (420-490 nm) of the fluorescence microscope excitation filter used in this study. The fluorescence emission spectra were obtained using an excitation wavelength of 460 nm for quercetin and myricetin and 450 nm for quercetin-3-O-glucoside and chlorogenic acid before and after adding DPBA (0.33 g of DPBA dissolved in 100 mL of methanol [w/ v] 
Quantification of ABA and Its Catabolites
Fruits collected during the 2009 growing season were used for the analysis of ABA and metabolites. For replication, three batches of five to 15 fruits from several stages of development (stage 1, 3, and 5-8) were analyzed separately. In parallel, pooled tissues from each stage were analyzed for ABA and catabolites (2008 season). All prefrozen tissues were freeze dried prior to extraction. For tissue-specific hormone analysis, seeds were separated from the flesh of eight freeze-dried stage 5 and stage 8 fruits each.
The sample preparation for the plant hormone analysis was performed as described in detail by Owen et al. (2009) . The MS analysis was carried out by ultra-performance liquid chromatography (UPLC)-electrospray ionization-MS/MS utilizing a Waters ACQUITY UPLC system equipped with a binary solvent delivery manager and a sample manager coupled to a Waters Micromass Quattro Premier XE quadrupole tandem mass spectrometer via a Z-spray interface. MassLynx and QuanLynx (Micromass) were used for data acquisition and data analysis. The analytical UPLC column was ACQUITY UPLC HSS C18 (2.1 3 100 mm, 1.8 mm) with an ACQUITY HSS C18 VanGuard precolumn (2.1 3 5 mm, 1.8 mm). Mobile phase A comprised 0.025% acetic acid in HPLC-grade water, and mobile phase B comprised 0.025% acetic acid in HPLC-grade acetonitrile. Sample volumes of 10 mL were injected onto the column at a flow rate of 0.40 mL min 21 under initial conditions of 2% B, which was maintained for 0.2 min, then increased to 15% B at 0.4 min, to 50% B at 5 min, and to 100% B by 5.5 min; 100% B was maintained until 6.2 min, then decreased to 2% by 6.5 min and held until 8 min for column equilibration before the next injection. The procedure for the quantification of ABA phytohormones and metabolites using deuterium-labeled internal standards (synthesized as described by Abrams et al. [2003] and Zaharia et al. [2005a] ) has been presented in detail elsewhere (Ross et al., 2004; Owen et al., 2009 ). The mass spectrometer was set to collect data in multiple reaction monitoring mode controlled by MassLynx version 4.1 (Waters). The analytes were ionized by negative-ion electrospray using the following conditions: capillary potential, 1.75 kV; desolvation gas flow, 1,100 L h 21 ; cone gas flow, 150 L h 21 ; source and desolvation gas temperatures, 120°C and 350°C, respectively. The resulting chromatographic traces are quantified offline by the QuanLynx version 4.1 software (Waters), wherein each trace is integrated and the resulting ratio of signals (nondeuterated-internal standard) is compared with a previously constructed calibration curve to yield the amount of analyte present (ng per sample). Calibration curves were generated from the multiple reaction monitoring signals obtained from standard solutions based on the ratio of the chromatographic peak area for each analyte to that of the corresponding internal standard, as described by Ross et al. (2004) . The quality control samples, internal standard blanks, and solvent blanks were also prepared and analyzed along each batch of tissue samples.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers JQ085966 and JK650988 to JK668121.
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